Activity-based models of travel demand have received considerable attention in transportation planning and forecasting over the last few decades. FEATHERS (The Forecasting Evolutionary Activity-Travel of Households and their Environmental Repercussions), developed by the Transportation Research Institute of Hasselt University, Belgium, is a micro-simulation framework developed to facilitate the implementation of activity-based models for transport demand forecasting. In this paper, we focus on several model considerations when applying this framework. First, the way to apply FEATHERS on a more disaggregated geographical level is investigated, with the purpose of obtaining more detailed travel demand information. Next, to reduce the computation time when applying FEATHERS on a more detailed geographical level, an iteration approach is proposed to identify the minimum size of the study area needed. In addition, the effect of stochastic errors inherently included in the FEATHERS framework is investigated, and the concept of confidence intervals is applied to determine the minimum number of model runs needed to minimize this effect. In the application, the FEATHERS framework is used to investigate the potential impact of light rail initiatives on travel demand at a local network in Flanders, Belgium. In doing so, all the aforementioned model considerations are taken into account. The results indicate that by integrating a light rail network into the current public transport network, there would be a relatively positive impact on public transport-related trips, but a relatively negative impact on the non-motorized-mode trips in this area. However, no significant change is found for car-related trips.
Introduction
According to the latest International Transport Forum (ITF) Transport Outlook [1], transportation systems are expected to experience accelerated expansion in the next few decades due to ever-increasing population, rapid motorization, and rising incomes. However, the rapid growth of traffic volume has also resulted in continuously increasing social, economic, and environmental problems, such as traffic congestion, traffic crashes, energy dependence, greenhouse gas emissions, and air quality. In order to achieve sustainable development of our modern transportation systems and a more rational allocation of facility resources and public services, the original supply-oriented focus of transportation planning has expanded to include accessibility needs and problems by managing travel demand within the available transportation supply [2] . As a consequence, more and more attention has been paid to travel demand analysis in current transportation research. travel demand in a local network in Flanders. In doing so, the city of Leuven-the capital of the province of Flemish Brabant-is selected as a case study to predict the travel demand. The city has quite a large transport potential, and yet is reasonably compact in size. Nevertheless, the city has no urban or regional light rail system so far.
The remainder of this paper is structured as follows. In Sections 2 and 3, we briefly introduce the FEATHERS framework and the light rail initiatives in the city of Leuven, respectively. The model considerations and the methodology proposed in this study are elaborated on in Section 4. In Section 5, the application of the model and the corresponding results are provided. The paper ends with concluding remarks in Section 6.
FEATHERS Framework for Flanders
FEATHERS, developed by the Transportation Research Institute of Hasselt University, is a micro-simulation modeling framework developed to facilitate the implementation of activity-based models for transport demand forecasting [7] . It provides a toolbox to implement large-scale activity-based transportation simulations as well as methods to analyze the output generated from different modules inside the framework.
Currently, the FEATHERS framework is fully operational for the Flanders region of Belgium, and the activity-based scheduler from the ALBATROSS model (A Learning Based Transportation Oriented Simulation System) [14] is embedded, in which a rule-based approach based on a sequence of 26 decision trees, derived by means of the CHi-squared Automatic Interaction Detector (CHAID) algorithm, is used in the scheduling process, and decisions are based on a number of attributes of the individual (e.g., age, gender), the household (e.g., number of cars), and the geographical zone (e.g., population density, number of shops). For each individual person with his/her specific attributes, the model simulates whether an activity (e.g., shopping, working, leisure activity, etc.) is going to be carried out or not. Subsequently, the location, transport mode, and duration of the activity are determined, taking into account the attributes of the individual. Based on the estimated schedules or activity travel patterns, travel demand in the form of the number of trip interchanges between TAZs can be extracted and assigned to the transportation network, which can be further used to address many policy issues and their impact, such as, to what extent does an increase in public transport service affect individual activity-travel schedules as well as overall travel demand?
Light Rail Initiatives in Leuven
As a result of the early industrialization of Belgium, Flanders has a very dense network of railways, which has provided good intercity connections for inter-regional transfers. Also, there is a well-developed network of buses for local transport. However, no suitable public transport option is currently available for intra-regional movement, which actually become more and more frequent in people's daily life due to the trend of suburbanization in Flanders. To meet these regional travel demands in a sustainable way, it is important to investigate the feasibility of a regional public transport system in Flanders. In addition, it would be good if such a system could use its own track, so that it is not subject to the ever-growing congestion on the Flemish roads.
In this study, we explore the implementation of a regional light rail system in the Leuven urban environment. The city has quite a large transport potential, and yet is reasonably compact in size. Nevertheless, the city has no urban or regional light rail system so far. Figure 1 shows the proposed light rail network for the region surrounding Leuven. The network consists of 10 different lines with a total length of about 250 km. The network has in general a spider-shaped structure. Apart from the two circular lines inside Leuven, i.e., T8 (north) and T9 (south), all of the remaining lines radiate from Leuven. Moreover, each line has a minimum frequency of four trains per hour, and each train has a fixed capacity of 90 seats and 110 standing places. During rush hour, this capacity will be doubled by increasing the train length. 
Model Considerations
In this study, we aim to apply the FEATHERS framework to investigate the potential impact of the light rail initiative on travel demand in the regions surrounding the city of Leuven. In doing so, the aforementioned research issues and corresponding solutions are elaborated in the following sections.
Spatial Transferability
Currently, the FEATHERS framework is operational at the so-called Subzone zoning system for Flanders (see Figure 2) , which is defined in the form of a spatial hierarchy composed of three layers. In order of increasing detail, they are: Superzone (compatible with 327 municipalities of Flanders), Zone (consisting of 1145 administrative units at one level lower than municipality), and Subzone (consisting of 2386 virtual areas according to homogeneous characteristics with an average area of 5.8 km 2 ). Hence, using the current FEATHERS framework, the most detailed travel demand data can be obtained at the Subzone level.
Although a large amount of useful information can be deduced at this layer, the size of each Subzone-an average area of around 6 km 2 -is still too large to avoid trip generation and attraction focusing too much on one point (e.g., TAZ centroid), which might result in unreasonable traffic allocation with some congested links and some empty links. Therefore, a zoning system with higher resolution is desired to implement the FEATHERS framework on. To this end, a Building Block (BB) layer is introduced. It is the most disaggregated geographical level currently applicable in Belgium, which consists of 10,521 units with an average area of 1.3 km 2 . Taking the city of Leuven as an example, it is one of the Superzones in the geographical structure, which consists of 24 Subzones or 129 BBs (see Figure 3) .
To apply the FEATHERS framework in the BB zoning system, which contains the geographical layers of Zone, Subzone, and BB, some input data currently derived from the Subzone zoning system have to be updated accordingly. The information on the fundamental transportation system is one of the most important aspects, as it monitors the availability and performance of the transportation system between every two zones in the study area, such as the travel distance and travel time with respect to different transport modes. All these data are represented by a set of Level of Service (LOS) 
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Based on the new dataset, the FEATHERS framework can now be applied using the BB zoning system. A full activity-travel diary schedule for each individual can be predicted using the relearned decision trees inside FEATHERS, and a series of origin and destination (OD) matrices can be generated representing the travel demand with respect to each origin and destination at the BB level. The results for the other geographical levels can then be aggregated according to the hierarchical relationship of the BB zoning system.
Study Area Determination
As highlighted before, one of the practical limitations of applying most of the currently available activity-based models is their computation time, especially when detailed geographical unit level is taken into account. In general, the more detailed the geographical unit level considered, the longer computation time is needed. Specifically, to apply the FEATHERS framework based on the BB zoning system, more than two days are needed to complete the model execution if 50% of the full population of Flanders is under consideration, which is three times more than the situation of using the Subzone zoning system.
To reduce the computation time of FEATHERS, several tradeoffs can be made in actual applications, one of which is to restrain the size of the study area and conduct the computation only for the selected region [16] . In this study, given the fact that the city of Leuven is the target territory, it is possible to apply FEATHERS to a relatively small study area surrounding this target territory rather than to take the whole of Flanders into account. In this way, the computation time of the model is reduced. The question then becomes: what should the minimum size of the study area surrounding the target territory be, and how do we determine it?
In this study, by defining the accuracy level of the model, we propose an iteration approach to determine the minimum size of study area required for the city of Leuven when performing travel demand forecasting. Different transport modes are taken into account. More specifically, for the target territory of Leuven, one more zone with the shortest centroid distance to this target territory is added, constituting a new study area (SA). Then, the travel demand (e.g., number of trips) of both departing mode and arriving mode with respect to this new study area to and from Leuven is computed. The difference (D) between the occurrence of both the departing trips (DTs) and the arriving trips (ATs) derived based on this study area and that based on the whole of Flanders can be calculated by Equation (1), which can be further used to estimate the accuracy rate (A) of this study area using Equation (1)
Such a procedure is repeated, i.e., more zones are added, from close to distant, until the predefined accuracy requirement is reached. The obtained study area is thus the minimum size needed for the travel demand prediction of the target municipality. Now, by defining an accuracy level of 90%, the study area for the public transport of Leuven is identified. In fact, it is the largest study area among the different transport modes. In total, 135 municipalities (or Superzones) are included, as illustrated in Figure 4 . It should be mentioned here that this restrained study area covers the whole light rail network proposed in Section 3.
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Stochastic Error Minimization
Before applying the FEATHERS framework for this case study, another model issue has to be properly addressed, which is minimizing the effect of stochastic errors in FEATHERS. As highlighted before, activity-based models use in most cases a micro-simulation approach; stochastic errors are therefore inherently included in such models [17] . As a result, running a transport micro-simulation model, such as FEATHERS, several times with the same input will generate different outputs due to the random number seed used in each run. Consequently, it is natural to run FEATHERS multiple times, estimate the effects of stochastic errors by analyzing the variation of the outputs between the runs, and use the average value of these outputs for further analysis. The question then becomes: what is the minimum number of runs required to ensure that at least a certain percentile of zones in the study area reach a stable result?
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where CI (1−α)% represents a (1 − α)% confidence interval for the true average value; α is the probability of the true average value not lying within the confidence interval; t (1−α/2),N−1 is the Student's t-statistic for the probability of a two-sided error adding up to α with N − 1 degrees of freedom; N is the required number of model runs; and s denotes the estimated standard deviation of the results. In this study, a 95% level of confidence is selected and the desired confidence interval, which acts as the predefined stable condition, is set as a 10% fraction of the final average value (after 100 runs) of the corresponding index under study (X), i.e., CI ≤ 0.1 × X 100 , where X 100 = ∑ 100 i=1 X/100. Also, the standard deviation of the results among 100 runs is used as the estimation of s. By using Equation (3), an iterative process is applied for each Superzone to estimate the minimum number of model runs required in terms of the average daily number of trips per person (X). The iteration continues until the estimated number of model runs N matches, the number of repetitions assumed when looking up the Student's t-statistic. In this way, the minimum number of FEATHERS runs needed to ensure each Superzone to achieve stable results with respect to the corresponding index can be derived.
As indicated in Section 4.2, a total of 135 municipalities (i.e., Superzones) have been identified for the Leuven case study. To ensure all these Superzones achieve a stable result with respect to the average daily number of trips per person, a maximum of seven model runs is required. The detailed results are shown in Table 2 . In fact, most of the Superzones involved need fewer than five model runs. Table 2 . The number of model runs required to ensure each of the Superzones in the Leuven study area to be stable (with 95% level of confidence) with respect to the average daily number of trips per person.
Application and Results
By taking the above model considerations into account, we now apply the FEATHERS framework to the case study that investigates the potential impact of the light rail initiative on travel demand in the region surrounding Leuven. The analysis is conducted by performing two scenarios in FEATHERS. Initially there is a null scenario that is limited to the situation where no light rail network is included. The public transport network contains only train lines (e.g., NMBS) and bus lines (e.g., De Lijn). In the second scenario, the light rail network is integrated with the current public transport network, which is therefore called the light rail scenario.
After running FEATHERS seven times for each of these scenarios based on the BB zoning system for the 50% fraction of the full population and using the study area shown in Figure 4 , the predicted daily travel demand (i.e., the number of trips) of four different traffic modes (i.e., car as driver, car as passenger, non-motorized mode, and public transport) is presented in Table 3 . Based on the average value of the model outputs, we find that the addition of the light rail network has a relatively positive impact on public transport trips in Leuven, but a relatively negative impact on non-motorized modes such as cycling. The share of public transport trips increases by approximately 8% compared to the null scenario. The detailed change in the number of trips in each hour of the day is illustrated in Figure 5 . On the other hand, non-motorized trips reduced by over 4%, probably due to the convenience of taking the light rail, which attracts some road users (such as cyclists) to change their mode of travel. However, concerning the car-related transport modes, including both the car as driver and car as passenger, the change in the number of related trips is negligible, since the value of zero is located within the difference range among the runs, which is [−0.13%, 0.57] and [−0.97%, 0.93%], respectively. Such a result implies that the implementation of a light rail system has only limited effects on car-related transport, especially in the short term.
Based on the average value of the model outputs, we find that the addition of the light rail network has a relatively positive impact on public transport trips in Leuven, but a relatively negative impact on non-motorized modes such as cycling. The share of public transport trips increases by approximately 8% compared to the null scenario. The detailed change in the number of trips in each hour of the day is illustrated in Figure 5 . On the other hand, non-motorized trips reduced by over 4%, probably due to the convenience of taking the light rail, which attracts some road users (such as cyclists) to change their mode of travel. However, concerning the car-related transport modes, including both the car as driver and car as passenger, the change in the number of related trips is negligible, since the value of zero is located within the difference range among the runs, which is [−0.13%, 0.57] and [−0.97%, 0.93%], respectively. Such a result implies that the implementation of a light rail system has only limited effects on car-related transport, especially in the short term. 
Concluding Remarks
In this study, we applied the FEATHERS framework to investigate the potential impact of light rail initiatives on travel demand in a local network around the city of Leuven, assessed by comparing the predicted number of trips between the null scenario (i.e., the current situation) and the light rail scenario. In doing so, several model considerations were explored. First, the most disaggregated geographical level currently applicable in Belgium, i.e., the Building block level, was used to apply the FEATHERS framework, so that the most detailed travel demand information was guaranteed. Next, in order to reduce the computation time when applying FEATHERS on such a detailed geographical level, the minimum size of the study area that was required to perform accurate travel demand forecasting for the city of Leuven was determined, and it turned out that running the model in such a restrained study area improved the model's operational efficiency significantly. In addition, by deducing the minimum number of model runs needed and computing the average value of the model outputs, the stochastic errors inherent to the FEATHERS framework were minimized. In the case study, the comparison of the results indicated that by integrating a light rail network into the current public transport network in Leuven, there would be a relatively positive impact on public transport, but a relatively negative impact on non-motorized trips in this area. However, no significant change was seen in car-related transport.
FEATHERS has proven to be a valuable toolbox for travel demand modeling and forecasting. However, challenges remain in further improving the performance of this modeling framework. First, any model is a simplified reflection of reality. It requires a series of assumptions in order to work and is limited by the data available to make forecasts. Therefore, the development of activitybased models requires careful and extensive data preparation procedures to construct entire sequences of activities. In this study, we extended the FEATHERS modeling system from a relatively 
FEATHERS has proven to be a valuable toolbox for travel demand modeling and forecasting. However, challenges remain in further improving the performance of this modeling framework. First, any model is a simplified reflection of reality. It requires a series of assumptions in order to work and is limited by the data available to make forecasts. Therefore, the development of activity-based models requires careful and extensive data preparation procedures to construct entire sequences of activities. In this study, we extended the FEATHERS modeling system from a relatively broader geographical structure level (i.e., the Subzone level) to a more disaggregated territorial level (i.e., the Building block level). In doing so, a large amount of fundamental transportation system data was refreshed. However, at the BB level, most of these data were currently estimated based on the Flemish road (or public transport) network. Although this is a feasible solution for data generation, the quality of the data is questionable. In the future, to further improve the prediction accuracy of the model, the data should be updated once the exact values are available.
Second, it appeared in this study that the computation time of the model could be significantly reduced by restraining the size of the study area. In doing so, however, a tradeoff between the prediction accuracy and the running time is required. In the future, the best tradeoff between these two should be explored. In addition, other techniques may also be tried to reduce the computation time when applying FEATHERS, such as cloud computing approaches or data caching and multi-threading.
With regard to stochastic error, the results obtained in this study can be consulted as a reference for those who plan to use the FEATHERS framework. However, more aspects could be investigated. For instance, the impact of the population fraction on the stochastic errors should be studied. New insights could probably be gained by repeating the experiment based on the full population instead of the 50% fraction used in this study.
Finally, it should be noticed that this study only focused on one modeling framework. Generalization of the proposed methodologies and the findings to other activity-based travel demand models should therefore be a meaningful future research direction.
